large number of novel nano-scale devices of highly promising properties for electrochemical sensor and biosensor applications [1] [2] [3] [4] [5] [6] [7] [8] . In particular, nanowires have become the focus of intensive research due to their unique properties and their potential for fabrication of nanosensors which can provide fast, low-cost, and high-throughput analysis of biological processes. Nanowires promise to revolutionize many area in medicine and biochemistry, ranging from the detection [9] , [10] and diagnosis [11] of diseases to the discovery of new drug delivery systems [12] . Indeed, the electrical properties of nanowires are strongly influenced by minor perturbations [13] , [14] because of their high surface-to-volume ratio and because of tunable electron transport properties due to quantum confinement effect, thus offering new capabilities not available in larger scale devices. Unlike 2-D thin films, the charge accumulation or depletion in the 1-D nanostructure takes place in the bulk of the structure thus giving rise to large changes in the electrical properties that potentially enable the detection of a single molecule [15] . Up to now, this property of the 1-D nanostructures has been shown to provide a sensing modality for label-free and direct electrical readout when the nanostructure is used as a semiconducting channel of a chemiresistor or field-effect transistor [16] , such as in gas sensors [17] and Ion-Sensitive Field-Effect Transistors (IS-FETs) for cancer markers [9] or DNA [18] detection. Recently, a completely new insight for biosensing based on the memristive effect of functionalized Schottky-barrier silicon nanowires in dry environment has been reported [19] . Due to the nano-scale of the fabricated geometries [20] , silicon nanowire devices have been discovered to show hysteretic properties imputable to memristive devices [21] . In these devices, the memory effect depends on charge carriers rearrangement at the nanoscale as due to external perturbation. Moreover, nanofabricated memristive silicon nanowires, functionalized with biomolecular films, have been demonstrated to sense varying concentrations of protein solutions thanks to corresponding variations of the hysteresis curve parameters [19] . Nevertheless, only few models has been proposed so far for describing and simulating the memristive effect of silicon nanowires [22] . Moreover, a very significant and uncontrolled dependence of the biosensing mechanism with respect to the environmental conditions has been pointed out [19] . So far, biosensing methods based on silicon nanowires tested in dry experimental conditions have not been reported in literature. The air humidity has revealed one important factor strongly affecting the nanowire biosensor performances in dry environment [19] . Carrara et al. have already demonstrated the role of the water shell adsorbed from the surrounding humid environment to the surface of a layer of rather small organic molecules, supposed not to have internal water [23] . Humidity can introduce noise in experimental measurements with silicon nanowires too, confusing data and thus, leading to unconvincing results of bio-detection. This kind of problem has not been discussed yet. In this study we aimed to face this important issue of nanowire based biosensing in dry environment.
In particular, in this article we show that our memristive silicon nanowires are well fitted by the memristor theory. We also propose an equivalent circuit description emulating the meristive effect of silicon nanowires. Moreover, we investigate the impact of the air relative humidity (rH) on the hysteretic effect of silicon nanowire through an accurate statistical analysis performed on a large number of devices. Each wire was tested before and after their functionalization with anti-human VEGF (Vascular Endothelial Growth Factor) antibody at different humidity values. Thanks to this deep analysis we succeeded in confirming once more the electrical modification of nanofabricated memristors when functionalized with antibodies. Additionally, we identified the role of varying humidity conditions in the modification of the hysteretic voltage gap of bio-modified silicon nanowires.
A. Memristor Nano-Fabrication
Memristive silicon nanowires are obtained through a top-down fabrication process performed on a Silicon-On-Insulator (SOI) wafer with a 350 nm thick device layer. Fig. 1 summarizes some of the critical steps of the process flow. The fabrication starts from the Low Pressure Chemical Vapour Deposition (LPCVD) of low stress on top of a SOI wafer ( Fig. 1(a) ). Subsequently, a 50 nm thick Hydrogen SilselsQuioxane (HSQ) layer, which is used as negative tone resist for Electron Beam Lithography (EBL), is spin coated onto the substrate. The HSQ is patterned by an EBL process into lines with lengths ranging between 1 and 15 in steps of 1 . The HSQ lines are then transferred into the layer by a vertical plasma etching ( Fig. 1(b) ), and used as hard mask for subsequent processing. A standard photo-resist lithography is carried out to define two polymeric areas of 1000 partially overlapping the extremities of the lines (Fig. 1(c) ). The sample is loaded into a plasma etching tool and the exposed Si is etched in two steps. First, 50 nm-thick Si is vertically carved from the substrate by an highly directional plasma mixture. Then the remaining 250 nm of Si are removed by an alternated Deep Reactive Ion Etching (DRIE) technique which alternates chemical, and thus isotropic, etching of Si with passivation steps. This leads to the definition of structures consisting of two large Si areas connected by thin nanowires laying onto a 500 nm isolation layer ( Fig. 1(d) ). Although of different lengths, the hard masks are defined such that the Si nanowires keep an aspect ratio of 1:200. Hence, a 50 nm-thick Ni layer is deposited by e-beam evaporation onto the sample and annealed at 400 for 20 minutes in inert atmosphere. The annealing sinters NiSi on those regions where Ni and Si are in contact, leading to the formation of NiSi 1:1 phase junctions. Unreacted Ni is left on top of the bottom layer and on top of the hard mask. It is worth noticing that Ni cannot deposit around the Si nanowires due to the directionality of the e-beam evaporation and the fact that the Si nanowires are less than 50 nm in diameter. The excess Ni is removed with immersion of the samples in a hot Piranha solution for 10 minutes leaving a freestanding Si nanowire anchored between two NiSi pillars ( Fig. 1(e) ), that are subsequently used as pads for electrical characterization.
We tried also a variant of the fabrication process in which we gave up the use of the hard mask and proceeded instead with the direct use of the conventional EBL exposure on HSQ pattern lines. After the exposition, the nanowires were obtained as in the process previously explained, by using the alternate DRIE technique. In both processes, by optimizing the timing of the combined etching steps, we obtained either single free-standing silicon nanowires or vertically stacked ones. In Figs. 2 and 3 SEM imaging of the two different configurations is reported. In this case the two images were acquired from wires fabricated through the original process and its variant respectively.
Once fabricated the structures, the nanowires were ready to be functionalized with an anti-human VEGF bio-layer ( Fig. 1(f) ). More detailed description of the surface modification will be given in Section I-B.
B. Biomolecule Self-Assembly
Chemicals unless stated otherwise, were purchased from Sigma-Aldrich (St-Louis, MO). The silicon nanowires were functionalized by covalent attachment of anti-VEGF monoclonal antibody (R&D Systems, clone 26503) with GPTS (glycidoxypropyltrimethoxysilane) [24] using a modification of the procedure described by Kim et al. [25] . The silicon nanowire surface was cleaned with piranha 1:1 solution , dried and incubated for 60 min at Room Temperature (RT) in ethanol containing 10 mM acetic acid and 1% GPTS. Following extensive washes with ethanol/acetic acid solution, the surface was dried under a stream and placed for 15 min at 110 in a dried oven. The surface was cooled down to RT and incubated overnight in a humid chamber at RT with Phosphate Buffer Saline (PBS) containing 0.5 mg/ml of anti-VEGF solution. The antibody solution was deposited onto the device both by standard drop casting with a Gilson pipette, and by a more precise one with the NanoInk's NLP 2000 System (Skokie, IL), an instrument capable of depositing materials with sub-micron accuracy and precision. Following extensive washes with PBS, the remaining active GPTS-derived groups were blocked by ethanolamine (10 mM ethanolamine, PH 8.0) for 60 min at RT. The excess of ethanolamine was removed by PBS washes and the surface blocked by an additional incubation with PBS containing 3% gelatin from cold water fish skin for 30 min at RT. The modified surface was washed and stored in PBS at 4 until use.
C. Surface SEM Imaging
Morphological analysis of the nano-structured electrodes was carried out using a Philips/FEI XL-30F microscope (The Netherlands), for acquiring Scanning Electron Microscopic (SEM) images for bare and bio-structured electrodes. Scanning electron microscope operating in ultra-high resolution (UHR) mode, with a working distance in the range 1.7-1.8 mm, was used to analyze the morphology of SiNWs before and after the modification with anti-VEGF antibodies. The resolution used in UHR mode was 2.5 nm at 1 kV.
D. Fluorescence Tests
Characterization of the SiNW surface after bio-functionalization with a solution of fluorescein-labeled antibodies was performed by fluorescence. The optical fluorescence microscope used for imaging the proteins onto the device surface is an Eclipse LV 100 microscope. The objective is a Plan Fluor (50X magnification, ); the filter set is Cy5 designed for Alexa Fluor 647 compatible dyes (650 nm maximum excitation length, 668 nm maximum emission length). The camera used for imaging the fluorescence is a Nikon Digital Sight DS-2MBW.
E. I/V Measurements
To understand the effect of physical parameters on the silicon nanowires, several experiments were conducted by varying one parameter at a time during measurements. Although several parameters (temperature or geometry of the devices) can strongly influence the memristive bio-detection, in the present manuscript we more specifically focused on the humidity.
The memristive I/V characteristics were acquired by using the following equipment: Hewlett-Packard 4156A precision semiconductor parameter analyzer, Agilent Technologies Integrated Circuit Characterization and Analysis Program, Cascade Microtech Probe station, Nucleus Probe Station Control Software. The temperature was kept constant using feedback from the Rotronic HC2-C04 Thermo-Hygrometer tool, while varying the humidity. The Rotronic HW4 tool provided an accurate control of humidity and temperature of the measurement environment. A wet towel was introduced into the measurement chamber in order to raise the humidity, while its removal together with the utilization of silica gel was necessary to achieve a lower humidity. Every time, the measurements for each device were acquired before and after the surface modification with antibodies.
II. THEORY AND MODELS

A. Theory of the Memristive Effect
A memristor is a fundamental passive two-terminal circuit element whose conductivity varies with its state. Memristors intrinsically possess the capability of memory as they can maintain state. This effect is observed at the nano-scale where the current versus voltage characteristics appear as pinched hysteresis loops. The theory for a much broader range of systems showing this behavior was developed by Chua and Kang [26] , [27] . These systems are known as memristive systems. They are passive systems that fall under the domain of non-linear circuit theory. To completely describe a memristive system, two equations are essential, as shown in (1), where represents a set of state variables describing the device, and , the memristance [26] : (1) When the depends only on charge, i.e. , the memristor is said to be a pure memristor. Since the charge can vary in time, the state variable can be expressed as: (2) The Hewlett-Packard (HP) memristor is the first physical implementation of the memristor [20] . The HP memristor is fabricated by using an annealed titanium dioxide layer sandwiched between two platinum electrodes. Annealing is used to create oxygen vacancies. Oxygen vacancies are fundamental to the operation of the memristor, whose switching works on the principle of phase transition of . Strukov et al. [20] modeled the HP memristor as a device whose state is governed by the width of the depletion region. Assigning as the actual width of the semiconductor layer and as the thickness of the switching medium , they defined the voltage-to-current relation of charge controlled memristor by (3) [20] : (3) were and are the lowest and highest resistances that the memristor can attain respectively. The charge property of the device is obtained from (4) [20] : (4) where represents the mobility of the oxygen vacancies. By inserting (4) into (3) the memristance is defined as in (5) [20] :
As the results in a time depending value of the charge , the internal state variable of the device is depending on the amount of charge that has moved through the memristor.
controls the overall resistance of the device and saturates with oxygen vacancies.
B. Standard Model
Williams' model [20] served as the main inspiration to the formulation of a theoretical model relevant to our silicon nanowire configuration. We named this model as standard model because it was derived directly from the Williams's theory and to distinguish it from the modified model described later. The standard model is based on the fundamentals of solid state physics and semiconductors. Central to its formation is the state variable , i.e. the total depletion width of (3) and (4). According to the technological features of the fabricated nanowires (Section I-A), the device is here considered as a 2-D block of silicon between two NiSi terminals, as depicted in Fig. 4 . Region (1) represents crystalline silicon, while regions (2) represent nickel silicide. Regions (3) represent the depletion region. These two are formed due to the initial transfer of electrons from Si to NiSi. The uncovered charges create electric fields and , that oppose or support the external bias voltage, as shown in Fig. 4(a) and Fig. 4(b) . To simplify the model a step further, the two depletion regions may be clumped into one region with width but with opposite polarities as shown in Fig. 4(c) . Here, we ignore the length of NiSi as it only contributes to series resistance and can be considered a current scaling component. The electronic circuit reported in The standard model can be described as a system of two equations. The first equation states that the rate of change of depletion width is the drift velocity: (6) where is the net electric field, is a proportionality or imperfection constant, is the mobility of free electrons in crystalline silicon, and is the source voltage as a function of time. By solving the equation we can define the length of the memristive element as: (7) with flux as a function of time and the initial flux condition. For the second equation, we make the assumption that the difference in Schottky barrier heights of the left and right junctions is a linear function of the source voltage ((8)): (8) By applying the Kirchhoff's Voltage law to the circuit of Fig. 5 , the second equation of the system can be defined as: (9) The solution of the system leads to the I/V equation: (10) where is the memconductance.
By solving (10) , and replacing the variable of (7), the memconductance of the device can be derived:
C. Phase Model
The memristive model described above did not show to fit properly our hysteretic curves, that were indeed manifesting an asymmetric behavior. From a pure phenomenological point of view, we decided to modify (6) by incorporating a phase component . This phase shift was added in order to better simulate the asymmetric behavior of our memristive silicon nanowires by stretching the hysteresis curve at one side. By replacing (7) by (12), and including the additional parameter, we defined the state variable of the model as: (12) where is the constant phase lead.
D. Equivalent Circuit Model
An equivalent circuit properly fitting the behavior of memristive silicon nanowires was also constructed (Fig. 6) . The equivalent circuit model partly relies on reverse engineering studies on our memristive nanowires. Upon observations of current versus voltage curves, the forward and reverse characteristics of the fabricated devices closely resemble the I-V curves of a diode, but with different forward and backward cut-in voltages. The current versus time (I-t) characteristics provided a further insight into the nanowire current response, in the time-domain. I-t curves were extracted from the available data sets of measurements. Fig. 7 shows an example of voltage versus time (blue line) and current versus time (green line) characteristics from one silicon nanowire. The time responses of our memristive nanowires match well with the I-t characteristics of a diode too. All the devices showed to have similar I-t curves only varying in the amplitude and cut-in voltages. Thus, we can assume to implement the memristive effect of silicon nanowires by considering two different diodes: whenever one diode is forward biased the other one is reverse biased. The I-V characteristics of our nanowires can thus be modeled using a modified full wave rectifier circuit. A simple modification of the full-wave rectifier circuit enables us to introduce a phase difference between current and voltage via a capacitance (Fig. 6) . The input to the diodes is modified by the capacitance and resistor combination. In the positive half cycle diode is active and it allows charge flow through it. However, during this half cycle diode, is inactive and there is no current through . In the negative half cycle the roles of the diodes are interchanged. Diode is active whereas is reverse biased. Thus, there is current through and no current through . The resistance simulates asymmetry observed in the characteristics. The shape of the curve may be fine tuned by varying the cut-in voltages of the diodes and . Table I reports the equivalent circuit components and their effect on the memristive model. 
III. RESULTS AND DISCUSSION
A. The Memristive Effects in Silicon Nanowires
Electrical measurements were carried out in order to characterize the memristive devices. They consist of the acquisition of the current flowing through the two terminals of the nanowire channel, as the source-drain current versus the potential applied to these terminals. As previously reported [21] , the conductivity of the NW without any proteins immobilized on its top show a memristive effect. This is confirmed by the hysteretic values of the current for the same bias voltages (Fig. 8) , and is probably related to the charge trapping mechanism at the Schottky junctions [28] . Fig. 9 reports an example of current minima acquired from an un-functionalized wire at room temperature and at 41.1 0.2% of rH. The voltage gap measured between the forward (blue curve) and backward (red curve) current minima appears to be equal to zero for the bare nanowire in this relative humidity conditions. It has been also noticed that this value can vary quickly with the environmental conditions [19] . In particular the humidity changes can easily distort our experimental results. For this reason, an deep investigation of the humidity influence on nanowire measurements was carried out.
I/V measurements were acquired both on single freestanding nanowires and vertically stacked ones produced by either the original process and its variant. In both cases hysteresis characteristics were not showing relevant variations, but they were instead all similar to the one reported in Fig. 8 . Also the behavior of the voltage gap parameter was comparable. That is the reason why we decided to test both kinds of wires, so that we could have a more important contribution to our statistical study.
B. Standard Model Simulations
The memristor model [20] was simulated in Matlab, and then compared to the acquired curves. Fig. 10 shows the match between the simulated and the experimental I/V characteristic, achievable by using the standard model explained in Section II-B. The continuous blue curve depicts the simulation results whereas the dashed black curve is the measured characteristic hysteresis acquired from a memristive nanowire. As we can see, the simulated curve reproduces the hysteretic shape of the experimental results. However, the standard model is not able to fully fit our data in terms of current maxima and threshold voltage.
C. Phase Model Simulations
The match was observed to improve after the addition of a fixed phase difference between the input voltage and the measured current (Section II-C). As is visible from Fig. 11 , the modified phase model was found to closely resemble the measured I-V characteristics. The parameters of phase , forward cut-in and reverse cut-in voltage were tuned to produce a close match. The mean absolute error measured was found to be 17.7 pA with a standard deviation of 0.3 pA. This evidences that our structures behave by following the memristor phenomenon up to an additive phase variable.
After humidity and temperature based experiments, it has been inferred that the , and parameters have a dependence on temperature, humidity and dimensions of the device.
D. Equivalent Circuit Model Simulations
We report in Fig. 12 a comparison between an instance of the equivalent circuit with an experimental measurement from the device. The continuous curve represents the simulation results while the dashed curve represents the measured curve. The model was developed by fitting the parameters of the equivalent circuit of Fig. 6 with the experimental curves. Table II reports the values chosen for each component of the equivalent circuit (Table I) that have led to the fitted curve of Fig. 12 . The comparison between the simulated circuit curves and the experimental ones shown in Fig. 12 was made with measurements acquired from seven devices characterized by same dimensions. The comparison has revealed a mean absolute error of 20.7 nA, and a standard deviation of 1.1 nA. As we can see, the equivalent circuit fits better the memristive effect of our silicon nanowires. Even in this case, the additional introduction of a phase parameter was needed to enhance the similarity; it enabled a better comparison with the hysteretic shape.
The diode based circuit is only an equivalent circuit model of the memristive silicon nanowires. It hides all the nano-scale effects and only attempts to emulate the device behavior. Nevertheless, this equivalent circuit relies on theory of p-n junction diodes which already have well developed theories and, thus, can be easily implemented in any circuit simulator. For this particular simulation LTspice IV simulator was used. Fig. 13 and Fig. 14 depict the acquired SEM images for one bare silicon nanowire and for a nanowire surface modified with a biomolecular layer, respectively. The memristor channel was modified with a layer of anti-VEGF antibody (Fig. 14) . The nanowire before and after the bio-functionalization shows a significant difference in diameter. Repeating observations of SEM images taken from different NWs lead to the calculation of a mean diameter of 118.7 12.5 nm and of 145.8 3.7 nm for bare nanowires and bio-modified nanowires, respectively. Thus, these data confirm the successful monolayer self-assembly at the silicon surface of the nanowire.
E. SEM Imaging on Nanowire Biosensor
F. Fluorescence Imaging
Further characterization tests based on fluorescence imaging were used to test the presence of antibody proteins drop casted onto the SiNW surface (Section II-D). Fig. 15 represents the bright field, zoomed-in microscope image of one of the fabricated devices functionalized by using the nano-spotting. The reported fluorescence image is a zoomed view of the nanowire, and clearly shows the fluorescence emitted by the antibodycoating layer deposited onto the SiNW. This result further confirms the presence of the proteins onto the sensor, and is in agreement with the varying electrical properties of the SiNWs that will be described in next sections. Fig. 16 shows the logarithmic source-drain current versus the bias potential in the case of functionalized nanowire, acquired at room temperature and at 41.1 0.2% of humidity. The surface modification with anti-VEGF antibody was done with the procedure reported in Section I-B. Unlike bare wires, showing small voltage gap values (Fig. 9) , functionalized memristors tested under similar humidity show different positions of the current minima for backward and forward regimes (Fig. 16) , consistently with previously reported measurements [29] . The increased minima voltage gap can be identified with the memory storage of the meristive nanowires as driven by charges made by antibody functionalization [19] .
G. Enhanced Voltage Minima Gap After Bio-Functionalization
The covalent attachment of antibodies all-around to the source-drain channel produces a conductance change in the corresponding silicon nanowire device. From an electrical point of view, the protein coverage can be seen as a virtual all-around gate that controls the channel current. As already well known, in the case of a p-type (boron-doped) silicon nanowire, as the one that we fabricate, applying a positive gate voltage depletes carriers and reduces the conductance, whereas applying a negative gate voltage leads to an accumulation of carriers and an increase in conductance. In our case, the conductance depends on the charged species bound to the channel surface when a potential is applied to the nanowire. Since each protein carries on charged residues, the conductance of a p-silicon nanowire will increase (decrease) when a protein with negative (positive) surface charge binds to the channel. Antibodies show a net contribution of positively charged residues that acts by creating an electric field surrounding the source-drain channel of our memristive biosensor [19] . As a consequence, unlike un-functionalized Si nanowires showing memristive characteristic with zero-crossing at small , the voltage gap after bio-functionalization appears increased (Fig. 16 ).
H. The Role of Humidity in the Memristive Bio-Detection
As already mentioned in Section III-A, the current properties of the measured samples can be strongly affected by humidity. Silicon nanowires show in itself a relevant dependence on humidity [30] , [31] . In fact, due to to the large surface-to-volume ratio, they present a large amount of hydroxyl groups that enable the adsorbtion of more water molecules. This makes the surface highly hydrophilic, determining the high sensitivity to humidity. Also dried organic samples have shown to be affected by water molecules adsorbed from humid environment [23] .
In order to study the effect of water molecules on the hysteretic current, nanowire biosensors were tested under different conditions of humidity. Functionalized devices were kept in buffered solution before their utilization for I/V measurements. Then the devices were gently dried under a nitrogen flow, and loaded inside a sealed measurement chamber, where they were left for about 20 minutes in order to get steady equilibrium condition. Before measuring, a sensor recording the chamber humidity was positioned inside the chamber. A wet towel introduced inside the measurement chamber allowed us to raise the humidity; whereas, the use of silica gel and temperature ramp applied to the wafer holder were used to drop it down. When the humidity was stable, curves were acquired from one device at one time. In order to investigate the effect of the air relative humidity, repeated acquisitions were performed on same nanowires but at increasing rH. For this aim, vertically stacked silicon nanowires characterized by same fabrication process and chemical treatment were tested. Different effects were found in bare wires and bio-modified ones. The change in relative humidity affects the source-drain current in a way still unpredictable. Due to the large statistical error affecting current measurements, a clear analysis of the modifications in the hysteresis current peaks as function of the humidity could not be achieved. Instead, the changes in the minima voltage gap parameter followed a well reproducible behavior in devices characterized by the same functionalization and the same dimensions.
In Fig. 17 , the effect of humidity on the minima voltage gap are presented in the two cases of nanowires measured before and after functionalization with anti-VEGF antibodies. In order to have a statistical measurement of this behavior, the voltage gap was measured on 20 identical wires, before and after the biofunctionalization, in three different humidity conditions. Bare NWs were tested at 41.1 0.2%rH, 45.7 0.3%rH and 57.9 0.4%rH; the same ones but with bio-modified surface at 30.2 0.1%rH, 45.5 0.1%rH and 59.5 0.2%rH. The control of the humidity during the acquisition was not trivial. We did it by inserting a wet towel in the measurement chamber as described in Section I-E. Because of that, the curve acquisition from same memristive devices, before and after the functionalization, could not be performed exactly at the same rH values, but similar humidity windows were taken into account. The reported voltage gap values were calculated from characteristics related to nanowire devices with a length of 120 nm and a diameter of 30 nm. Data were acquired at an average The first important observation evident from this graph is the different behavior expressed by nanowires with and without surface modification. If we compare data related to the memristive effect before (black dashed line) and after anti-VEGF functionalization of the same wires (red solid line), we can easily see that the minima voltage gap is roughly constant in the case of bare devices, and very close to zero. The reported error bars describe the deviation of the voltage gap measured in 20 NWs from the ideal case that is 0 Volts in bare memristive devices. The constant, quasi-zero behavior is a relevant finding, because it shows the stability of our biosensor prior to any modification in the surrounding humid environment.
Secondly, a certain degree of inter-device variability is present. The error bars of Fig. 17 define the standard deviation calculated on the 20 devices, before and after the surface modification, respectively; each of them was tested once under a fixed humidity. This variability can be attributed to defects easily insertable with fabrication processes not fully repeatable, or to non homogeneous distribution of biological species in functionalized nanowires. Moreover, a slight change induced by humidity variations is consistent, as it is well known that raw silicon surfaces are normally covered by many Si-OH chemical bonds. Because these pending groups enable weak interactions with molecules present in the surrounding air environment, they can lead to a changing response time and hysteresis curve [31] .
Nevertheless, most of the wires behaved the same way when tested at fixed humidity conditions, as confirmed by superimposed characteristics. Fig. 18 shows an example of 20 different devices tested under an humidity of 59.5 0.2% and a temperature of . The reported data can be thus considered as an important evidence of the good reproducibility of our memristive biosensor.
Finally, each device of Fig. 18 shows a clear voltage gap between the forward and backward current minima of the hysteresis, demonstrating the presence of a biomolecular layer on the wire surface. As represented by the graph in Fig. 17 , the voltage gap fluctuations when varying the humidity conditions clearly appear strongly amplified when antibody-modified nanowires are measured, enabling the identification of bio-molecule interactions at the surface of our nanowires. This fact confirms data from Fig. 16 where the distance between the forward and backward minima current of two nanowires is enhanced when tested after the functionalization process. Fig. 17 also validates the previous findings about the increased responses of memristive nanowires with antibody uptake [19] . At a biochemical level, the observed behaviors can already find a first explanation. Anti-human VEGF antibody is a protein containing -S, O and -N terminal groups that can create bonds with water molecules. N-O and S-H interactions are known to be much stronger than the ones existing between Si and -OH groups, and can be one of the main reasons explaining how the detection parameter, the voltage gap, can differ between the two cases. Furthermore, looking at the minima voltage gap acquired from the characteristics of functionalized NWs, the changing voltage gap is clearly following a steep increasing behavior. In particular, the red line in Fig. 17 demonstrates that the gap in potential between the hysteresis minima of memristive anti-VEGF modified nanowires linearly increases as function of the humidity within the investigated range from 30.2 0.1% to 59.5 0.2% rH. This phenomenon is perfectly according with the finding that organic film can adsorb water molecules from the surrounding humid environment [23] , resulting in an increased modification of the charge distribution at the silicon nanowire surface when a potential is applied. A relevant statistical contribution to this study was also made by measurements performed on single free-standing NWs. They also showed a comparable voltage gap behavior if the same range of humidity investigated here was considered.
IV. CONCLUSION
In this paper we presented nanowires fabricated on Silicon-on-Insulator wafers. Free-standing nanowires have been obtained by using a chemical etching process on preformed wires by E-beam Lithography. Anti-human VEGF proteins have been used to functionalized the free-standing wires. The electrical properties of the nanowires have been acquired on humid air, and have been found to manifest memristive conductivity. The memristive effect has been confirmed by both a state-variable model and an equivalent circuit model.
The equivalent circuit is also designed in order to simulate the component behavior with the tool LTSpice IV. The memristive effect is also registered by a voltage gap measured on the current-to-voltage characteristics. However, our findings demonstrate that this voltage gap is largely affected by the relative humidity of the measuring chamber. A series of measurements performed on nanowires from the same fabrication process and under the same relative humidity allowed us to record statistically robust trends in voltage variations. Different behaviors have been acquired on bare and functionalized wires. Data confirm the stability of silicon free-standing nanowires under changing environment conditions. Specifically, the current/voltage measurements demonstrate that the memristive effect is affected by the relative humidity surrounding functionalized nanowires; the antibody layer onto the nanowire sensor surface is confirmed by the increased voltage gap of bio-modified wires with respect to the measurements in bare NWs. At high humidity values this difference between voltage gap in the bare and functionalized case is enhanced, due to the higher affinity of proteins for water molecules. The proposed memristive sensor is calibrated in humidity and can thus be used for biosensing. Akshat Dave received his B.S. degree from Nanyang Technological University (NTU), Singapore, in 2012 with a research exchange at EPFL in 2011. While at NTU, he has worked on a wide range of topics ranging from computer vision, machine learning and pattern recognition to nanobiosensing. His current research interests include mathematical modeling and algorithm design for applications in healthcare and social science. 
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